Anisotropy of spin-orbit interaction (SOI) is studied for a single uncapped InAs self-assembled quantum dot (SAQD) holding just a few electrons. The SOI energy is evaluated from anti-crossing or SOI induced hybridization between the ground and excited states with opposite spins. The magnetic angular dependence of the SOI energy falls on an absolute cosine function for azimuthal rotation, and a cosine-like function for tilting rotation. The SOI energy is even quenched at a specific rotation. These angular dependence compare well to calculation of Rashba SOI in a two-dimensional harmonic potential.
Spin-orbit interaction (SOI) arises from the magnetic moment of electron-spin coupling to its orbital degree of freedom, and can be significantly modified by the crystal orientation, internal electric field, and quantum confinement effect in semiconductor nanostructures [1] . This feature paves the way to both electrically and magnetically control the spin effect, leading to the novel concept of spin-dependent electronics or spintronics and spin-based quantum information processing [2, 3] . For example, spin transistors [4] , and spin qubits [5, 6] are based on precession of electron spins about an electrically-induced local magnetic field in semiconductor heterostructures [7] , and semiconductor quantum dots (QDs) [8] , respectively. These SOI effects have been intensively studied for GaAsbased nanostructures. In general, SOI is strong in narrow gap semiconductors, but it has only recently been studied for InAs and InSb based nanowire QDs [9, 10] .
Although SOI should have anisotropy due to crystal orientation (Dresselhaus term) and asymmetric confinement (Rashba term) , there are few reports on these effects [11, 12] and to date no experiment for QDs. In this work, we used a large uncapped InAs self-assembled QD (SAQD), which has highly anisotropic confinement, to investigate the angular dependence of SOI energy on magnetic field rotation in two directions: tilting rotation out of plane to the sample surface and azimuthal rotation in plane to the surface. We first measured excitation spectra evolving with magnetic field for a single QD to identify the S z = ±1/2 states in different orbitals which can be hybridized by SOI when degenerated with magnetic field. The SOI energy was evaluated from the size of the anti-crossing between these SOI hybridized states. We also measured the angular dependence of g-factor and compared with that of SOI energy. We found the g-factor reflects the confinement anisotropy, while the SOI energy depends on the direction of SOI induced magnetic field.
InAs SAQDs were grown with Stranski-Krastanov mode by molecular beam epitaxy on a (001) semiinsulating GaAs substrate. The SAQDs are uncapped on an i-GaAs layer, and an n-doped GaAs layer is embedded with an i-AlGaAs layer above as a current blocking layer. Gate voltage, V g , was applied to the n-doped GaAs layer to change the number N of electrons in the QD. A pair of Ti (5 nm)/Au (30 nm) electrodes separated by a 60 nm gap was directly placed on the SAQD, using electron beam lithography techniques (inset in Fig.1(b) ). The paired electrodes are the source and drain contacts to the QD. The SAQDs have some variations in the lateral size, and we selected a large SAQD with diameter ∼100 nm to fabricate the device. The confining potential in the QD we evaluated has an elliptic shape elongated in y-direction probably because of the contact to the electrode metal. Electron transport was measured in a 3 He-4 He dilution refrigerator equipped with a standard superconducting magnet and an in-situ single-directional sample rotation. The refrigerator base temperature is 40 mK. We rotated the sample to measure the magnetic angular dependence of SOI. Here, we assume this sample rotation is equivalent to the magnetic field rotation with the coordinates fixed on the sample. Figure 1 (a) shows the evolution of Coulomb peaks with perpendicular magnetic field, B ⊥ . No peaks are observed for V g ≤ −0.2 V, indicating the SAQD is empty. The magnetic evolution of Coulomb peaks reflects the electromagnetic confinement, Zeeman splitting, and SOI, which lead to a variety of ground state transitions. We initialy studied ground state transitions signified by upward kinks labeled △ for the second (N = 2) and fourth (N = 4) Coulomb peaks [13] . We subtracted the contributions of charging energy from the Coulomb peaks in . Assuming a 2D harmonic potential for the lateral confinement of the QD, states are assigned with radial quantum number n, orbital angular momentum l and zcomponent of spin angular momentum S z using the identifier (n, l, S z ) [13, 14, 15] . The lowest two peaks are assigned to the 1s Zeeman substates with (0, 0, ±1/2), and the subsequent two peaks to the 2p − Zeeman substates with (0, −1, ±1/2). The next is the 2p + state with (0, +1, ±1/2), which should be degenerate with the 2p − state. However, this is not the case in Fig.1 (b), due to the anisotropy in the lateral confinement. We characterized the anisotropy using two lateral confinement components, ω x = 4 meV and ω y = 1.5 meV. Also, because of the anisotropy, a 3d − state with (0, −2, ±1/2) is close to the 2p + state.
We focus on the two peak crossings labeled △ in Fig.1(b) or N = 2 and 4 ground state transition labeled △ in Fig.1(a) to explore the SOI effect. The angular momentum is a good quantum number under a high B ⊥ field despite the lateral electrostatic anisotropy. The N = 2 state at B ⊥ = 3.5 T then results from SOI hybridization between the (0, 0, -1/2) and (0, -1, +1/2) state. The N = 4 state at B ⊥ = 7.2 T results from hybridization between the (0, -1, -1/2) and (0, -2, +1/2) state. These SOI arises from the Rashba term but not the Dresselhaus term, because the former holds for the condition ∆l + ∆S z = 0, while the latter for ∆l − ∆S z = 0 [16] . We measured the excitation spectra for the N = 2 and 4 states at around the △ points to study the effect of SOI hybridization. The results for the N = 2 for a range of tilt angle θ to the external magnetic field, − → B ext are shown in Fig.2(b) to (e). In all figures we observe anti-crossing between the ground and excited state. The ground and excited state compare well to the N = 2 and 3 Coulomb peak, so that the anti-crossing is assigned to the SOI hybridization of the (0, 0, -1/2) and (0, -1, -1/2) state. The anti-crossing size corresponds to twice the SOI energy ∆ SOI , and is evaluated to be 70 to 160 µeV depending on θ for N = 2, which is of the same order as that previously reported on an InAs nanowire QD [9] . As θ increases, the ∆ SOI becomes maximal at θ ≈ 45
• and then decreases. Note only in Fig.2(a) , we see an additional excited state (dashed line), which crosses with the excited state of interest. This excited state may reflect a magnetic orbital effect rather than Zeeman effect, because it is absent for the lager θ. Such a magnetic effect can be associated with the pyramidal QD shape, but does not seem to influence the anti-crossing considered here. We performed the same measurement about the N = 4 anticrossing and identified the SOI hybridization of the (0, -1, -1/2) and (0, -2, +1/2) state [17] . The change of ∆ SOI with θ obtained for both N = 2 and N = 4 is shown in Fig.2(f) . The θ-dependence is well reproduced by a cosine-like function, which is discussed later. ∆ SOI vs. θ is somewhat displaced between N = 2 and 4, suggesting that SOI anisotropy slightly depends on N .
We also measured the excitation spectra for B ⊥ ≤ 1 T for the first, third, and fifth Coulomb peaks to evaluate the g-factor for the 1s, 2p − , and 3d − states, respectively [17] , and derived |g| = 6.5, 6.4, and 4.9 for the respective states. The smaller |g|-factor for the higherlying orbital state probably reflects the weaker coupling between the conduction and valence band. Using these values, we calculated the spin-orbit length of about 410 nm for our InAs SAQD, which is much smaller than that for GaAs based QDs [8, 18] .
The θ dependence of the |g|-factor is shown for various orbital states in Fig.2(g) . The |g|-factor is maximal at θ = 0
• and minimal at θ = 90
• . This angular depen- dence can be fitted with a phenomenological cosine-like formula [19] :
where ξ = θ or φ. g 1 and g 2 is the |g|-factor ξ = 0 • , and 90
• , respectively, and assigned as (g 1 , g 2 ) = (6.4, 6.3), (6.4, 5.2), and (4.7, 3.1) for 1s, 2p − , and 3d − -state, respectively. This result simply reflects that electrons with larger angular momentum experience stronger magnetic confinement, resulting in the stronger angular dependence of |g|-factor [20] .
Rotation of the device azimuthally with angle φ to − → B ext (See Fig.3(e) ) required the warming up of the dilution fridge and remounting of the device. Though the thermal cycle modifies the characteristic of the QD, we could reproduce the anti-crossing of the N = 2 ground and excited state, but not for the N = 4 state. We therefore focused on the N = 2 state hereafter. Figures  3(a)-(d) show the N = 2 excitation spectra measured for various φ values. As φ increases from 30
• , the anticrossing decreases and even disappears at φ ≈ 60
• , and then reappears and increases. Note in Figs.3(a)-(d) , an additional higher energy excited state is probably identical to the unidentified excited state in Fig.2(a) . The change of ∆ SOI with φ is shown in Fig.3(f) . The φ-dependence of ∆ SOI can be fitted well with the absolute value of a cosine function with an offset φ 0 . Note we observed a similar φ-dependence of ∆ SOI for N = 10 but with a quench at φ ≈ 30
• . This again means that SOI anisotropy depends on N . Figure 3(g) shows the |g|-factor vs. φ for the 2p − orbital state measured at the same time. The |g|-factor is constant with φ, and can be fitted by equation (1) with g 1 = g 2 = 4.1.
The results obtained so far all suggest that electrons are confined by a 2D potential and experience the Rashba effect associated with an out of plane electric field. Here we examined the 2D potential anisotropy using the φ-dependence of B ext at the anti-crossing [17] . The anticrossing B ext is largest (smallest) at φ = 0
• (90 • ). This indicates the lateral confinement is strongest (weakest) in the y(x)-direction, as defined by the electrode metal (See Fig.1(b) inset) .
Finally, we discuss the Rashba effect on the observed SOI anisotropy. We assume that the elecric field − → E caused by the potential gradient in the QD has only a z-component:
− → E = (0, 0, E z ). Theory [21] predicts that the SOI energy for N = 2 is described as
using the SOI parameter λ, electron momentum − → p , Pauli matrix vector − → σ , and Q ν = 1s ↓| p ν | 2p− ↑ (ν = x, y, z). Note Q z = 0 in the 2D system. We first consider the azimuthal rotation (φ), where θ = π/2 and Q y = 0 because the 2p − state has a node only in the x-direction, so that, This equation is qualitatively consistent with the φ dependence of ∆ SOI , obtained in Fig.3(f) . SOI can only be quenched when − → B ext and − → σ are aligned. In the azimuthal rotation, quenching of SOI appears because the Rashba SOI induced − → E has only a z-component and − → σ is always in the x-y plane. The offset φ 0 = −31
• could be assigned to anisotropy in the QD potential if there were such anisotropy. However, we have already found that the QD potential is actually elongated in x-direction. So, we assume spatial displacement of the confining potential between the 1s and 2p − state as a possible reason for the finite offset of φ 0 , because this gives rise to a finite value of Q y . In addition, this potential displacement can depend on the specific orbital, accounting for the difference of φ 0 observed between N = 2 and 10.
For tilting rotation (θ) with φ = 0 • , both Q x and Q y should depend on θ, because not only the g-factor but also the wave function depend on θ or the perpendicular component of magnetic field. Therefore, equation (2) becomes more complicated, but the numerical calculation still gives a cosine-like function of ∆ SOI with θ, which fits the experimental data in Fig.2(f) . In this calculation, we arbitrarily set φ 0 = −82
• for both N = 2 and 4 because φ 0 can be changed after the thermal cycle. We could not judge whether SOI is quenched with θ because of the limited θ range in our experiment. Note experimental observation of the quenching of SOI in tilting rotation would rarely ocuur. This is because the quenching only occurs when the magnetic field is exactly aligned with the direction of − → σ which is defined by the potential displacement as already discussed for the 1s and 2p − state. In addition, the theoretical curves in Fig.2(f) include the offsets θ 0 = 46
• and 24
• for N = 2 and N = 4, respectively. These angle offsets can also be explained by considering the potential displacement as discussed for the offset φ 0 but in the z-direction [15] .
Magnetic angular dependence of SOI previously observed for a 2D system [11] shows a cosine-like feature but no quenching, because both Rashba and Dresslhaus contributions are included. On the other hand, in our QD by selecting the Rashba effect, SOI can be tuned from zero to a finite value. This can provide a new scheme of controlling spin manipulation speed depending on magnetic field angle for SOI-induced electron spin resonance.
In summary, SOI anisotropy was investigated for a single uncapped InAs SAQD with magnetic field rotating in and out of plane. Based on the assignment of the angular and spin quantum numbers, we selected the ground state transitions only associated with the Rashba SOI to evaluate the SOI energy. The magnetic angular dependence of SOI energy shows good agreement with an absolute cosine function for azimuthal rotation, and with a cosine-like function for tilting rotation, reflecting the direction of Rashba SOI induced field. On the other hand, the |g|-factor only depends on tilting rotation, reflecting the orbital angular momentum of the state. 
